Thermoreversible crosslinking Á Supramolecular chemistry Á Hydrogen bond Á Rubber By incorporating a hydrogen bonding crosslinking system (THC) into ethylenepropylene rubber (EPM) a new thermoreversible crosslinked system was developede (THC-EPM). The paper discusses the differences between THC-EPM and thermoplastic elastomers such as TPV as well as vulcanized rubber. The mechanical properties of THC-EPM were found to be sufficiently high for technical applications. The flexibility of THC-EPM rubber was similar to vulcanized rubber. Although vulcanized EPDM does not demonstrate recyclability, reforming at higher temperatures of the THC-EPM could be repeated more than 10 times without deteriorating its various properties. By small angle X-ray scattering analysis of THC-EPM, the existence of an aggregate structure with domains of 5.2 nm was suggested. These aggregate structures are supposed to act as the crosslinking domains. Since THCrubber has small crosslinking domains and does not include thermoplastic polymer, the general properties were similar to those of vulcanized rubber. Autor K. Chino, Kanagawa (Japan)
A large amount of rubber is used throughout the world, and after its product life, it is reused mainly as a thermal energy source. As semi-permanent crosslinking systems such as sulfur vulcanization prohibit reusage as a raw material. That is, the bond energy of covalent sulfur crosslinks, is too high, preventing its recycling. However, reusage of waste vulcanized rubber as a raw material is an urgent issue for environmental conservation. We need to develop material recycle methods for crosslinked rubber, as soon as possible. Although reversible crosslinking systems such as the Diels-Alder reaction have been investigated, useful practical systems have never been found [1] . Previously, we found that thermoreversible hydrogen bond crosslinked polyisoprene (THC-IR) could be obtained by the reaction of maleic isoprene rubber (IR) with 3-amino-1,2,4-triazole(ATA), in a solid phase [2 -4] . The mechanical properties of the resulting rubber were more similar to the sulfur-vulcanized rubber than to thermoplastic elastomers (i.e. SEBS). Although the tensile strength and elongation at break were lower than those of a corresponding sulfur-vulcanized rubber, the moduli were as high as those of sulfur-cured rubber. Reforming of THC-IR could be repeated more than 10 times without significantly degrading its mechanical properties. The Differential Scanning Calorimetry (DSC) and Infrared Analyses revealed that the observed superior mechanical properties and good recyclability are attributable to the strong hydrogen bonding. This work covers (1) the application of the thermoreversible crosslinking system for ethylene-propylene rubber (THC-EPM), (2) the analysis of its structure and (3) the discussion of the difference between THC-EPM and other thermoplastic elastomers such as vulcanized EPDM and thermoplastic vulcanizates based on polypropylene and EPDM.
Experimental

Materials
Maleated
ethylene-propylene rubber (maleic anhydride unit; 1.5 wt%) synthesized by Mitsui Chemicals, INC was used as a test sample. 3-Amino-1,2,4-triazole (ATA), manufactured by Nippon Carbide Industries Co., Inc., was used. In addition the following ingredients were used: 6PPD (Santoflex 13, Flexsys), zinc oxide (Zinc oxide 3, Seido Chemical Industry Co., Ltd.), Stearic acid (NOF Corporation), sulfur (Tsurumi Chemical Industry Co., LTD.), ethylenepropylene diene rubber (EPDM, EPT4045, Mitsui Chemicals, INC.). TPV (Santoprene 111-73, Advanced Elastomer Systems Japan Ltd.), was used as a reference material.
Sample preparation
Addition reaction of ATA to maleated ethylene-propylene rubber. A mixture of 350.0 g (0.05354 mol; maleic anhydride unit) of maleated ethylene-propylene rubber, 4.5 g (0.0535 mol) of ATA and 3.5 g (1.0 phr) of 6PPD was kneaded at 50 rpm at 180 8C for 20 minutes in an internal mixer. The addition reaction of ATA to the maleated ethylene-propylene rubber was confirmed by IR analysis, which showed the disappearance of acidic anhydride bands and the existence of the corresponding amide bands. . The DSC Analysis performed at a heating rate of 10 8C/min shows a glass transition temperature Tg; À 42.6 8C.
IR (ATR-FTIR
Vulcanization of EPDM
A mixture of 100.0 g of EPDM, 5.0 g of zinc oxide, and 1.0 g of stearic acid was kneaded at 70 8C for 20 minutes in an internal mixer. Vulcanization was performed by heating at 160 8C for 20 minutes after mixing of 1.0 of TS and 0.5 g of sulfur using an open roll.
Characterization
The infrared (IR) analyses were performed using a Perkin Elmer model 2000FT-IR.
1 H NMR investigations were performed by using a JEOL model CSX-270W. The glass transition temperature (Tg) was determined by using a differential scanning calorimeter on a TA instrument model DSC2920. The stress-strain properties were determined at an elongational speed of 500 mm/min on a SHIMADZU Autograph AGS-5kNG according to JIS K 6251 using type 3 dumbbells. The phase morpholoy was investigated by using a Transmission Electron Microscope (TEM, Hitachi model H-800). Small angle X-ray scattering analysis(SAXS) was performed using a Rigaku model RINT-2500. The recyclability was evaluated with reference to the ability to reform the material at least 10 times. The hardness was measured by a JIS-A hardness tester according to JIS K6253. The compression set was measured according to JISK6262.
Results and discussion
Properties
The mechanical properties and recyclability of THC-EPM, vulcanized EPDM and TPV (thermoplastic vulcanizate of PP and EPDM) are shown in Table 1 .
The mechanical properties of THC-EPM were sufficiently high for technical applications. Thus, the 100 % modulus of THC-EPM was found to be higher than the one for the vulcanized EPDM. In contrast, the 100 % modulus of the chosen TPV was higher than both the one of the THC-EPM and the vulcanized EPDM. This is due to the contribution of the thermoplastic polymer phase and indicates that the flexibility of the material is poor. Tensile strength of THC-EPM is higher than the one of TPV and vulcanized EPDM as well. While the tensile strength of the vulcanized EPDM without CB is fairly low, the compression set of the vulcanized EPDM with 25 % compression at 70 8C for 22 hours was very good. The compression set of THC-EPM is worse than that of vulcanized EPDM, but is almost the same as that of TPV, which suggests a rearrangement of the hydrogen bonding. Although vulcanized EPDM does not have recyclability and fluidity, reforming of the THC-EPM could be repeated more than 10 times without degrading its various properties. These results prove that the recyclability of this new material is satisfactory in practical use. The chosen TPV also demonstrates recyclability and good dynamic fluidity, which is due to the contribution of included oil. The stress-strain curves of TPV and THC-EPM at a strain rate of 500 mm/min are shown in Figure 1 . TPV(curve A) was higher than that of THC-EPM(curve B), which, once again, indicates poor flexibility. Interestingly, THC-EPM in the high hardness range(curve B) demonstrates much higher elongation and also higher tensile strength than the TPV. The stress-strain curve of THC-EPM in the low hardness range(curve C) covers lower stress values, which indicates a high flexibility of the material.
Morphology
Although the analysis of phase morphology was performed by TEM, phase separation between the THC -domains and the rubber was not observed. However, the existence of an aggregated structure was observed by small angle X-ray scattering analysis of THC-EPM (Fig. 2) . A peak at an angle of 0.84 degree was observed, which correspnds to domains in size of 5.2 nm of an aggregated structure, which is attributed to the hydrogne bond crosslinks. The structure of the hydrogen bonding network is speculated on in Figure 3a . Theoretically, the hydrogen bonding moiety (amide-triazole carboxylic acid unit) generated by the addition reaction of ATA and cyclic acid anhydride can form a seven-point hydrogen bonding structure as shown in Figure 3b . The seven hydrogen bonds should produce a strong crosslinking moiety. The size of the aggregated structure seems to be 5.2 nm as per X-ray analysis speculated model of the structure of THC rubber, TPV, and vulcanized rubber are shown in Figure 4 . The matrix of TPV is comprised of a thermoplastic polymer such as polypropylene as a continuous phase with vulcanized rubber as dispersed domains. Throughout therefore, the thermoplastic polymer of the TPV tends to harden the material. On the other hand, since vulcanized rubber does not include a thermoplastic polymer, it has high flexibility. Since THC-rubber also does not include a thermoplastic polymer and has small crosslinking points, properties, such as high flexibility, as seen in vulcanized rubber were observed. Next, the property differences between THC rubber, TPV, and vulcanized rubber are shown in Table 2 .
Although vulcanized rubber has no thermoplasticity and recyclability due to stable chemical crosslinks, TPV and THC rubber both exhibit this behavior. The tensile strength and elongation at break of all these materials are almost similarly graded. The tear strength of THC rubber is lower than the one of vulcanized rubber, but higher than The compression set of THC-EPM is worse than that of vulcanized Rubber, but is almost the same as the one of TPV. The gloss of THC rubber is equally good as that of vulcanized rubber. As a matter of fact, it seems to be possible to apply THC-EPM to various rubber goods such as seats, hoses, belts, tires, moles, weather stripping, adhesives and sealants. We are presently investigating these applications of THC-EPM.
Conclusion
A thermoreversible crosslinking system was applied to EPM generating the new material THC-EPM. The major differences between THC-EPM and other thermoplastic elastomers such as TPV as well as vulcanized rubber were presented. The mechanical properties of the resulting rubbers were sufficiently high and more similar to those of sulfur-vulcanized rubber than TPV. THC-EPM has higher flexibility, tear strength, gloss, filler reinforcement than TPV. Due to recyclability of THC-EPM the application of this material is environmental friendly. We are working to further improve the heat resistance and the compression set.
